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This work seeks to experimentally validate a modified Paschen law which takes into 
account the effects of electron-ion pair removal between two electrodes within a dynamic gas 
medium. A test facility has been designed and fabricated in order to create supersonic flow 
conditions within the test section. Custom designed electrodes are mounted into the test section 
at desired gap distances. A power supply is utilized to charge the electrodes until discharge 
occurs. The discharge voltage of the electrode is recorded over a range of pressures within the 
test section. An operational pressure range is calculated using isentropic flow and normal 
shock relations at the desired Mach numbers. These values are plotted against the modified 
Paschen curve as a function of Mach number, electrode gap distance, and pressure as a means 
of validation.  
I. Nomenclature 
Vs = sparking discharge voltage 
Vi = ionization potential of ambient gas 
P = stagnation pressure of gas [Torr] 
Patm = pressure of gas at sea-level [Torr] 
γ = secondary electron emission of electrode material 
L = molecular mean free path at sea level [cm] 
d = gap between electrodes [cm] 
γa = specific heat ratio of air 
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II. Introduction 
Electrostatics is the study of static potential fields. The potential fields under investigation span multiple applications 
such as microelectromechanical systems (MEMS) [1,2], aerospace systems [3,4], and even space physics [5]. An 
understanding of electrostatics can also help mitigate hazards and increase the lifespan of electrical components [6,7]. 
One important relationship in electrostatics is Paschen’s law, which relates the discharge voltage of a material in a gas 
medium to the gap distance and gas pressure. Paschen’s law was utilized by Cotton et.al. to verify the minimum 
voltage at which a discharge will occur across an air gap between aircraft electrical components [3]. The purpose of 
Cotton’s work was to discuss the challenges faced with the necessity of a higher voltage supply when replacing 
mechanical aircraft systems with electrical systems. Given that Paschen’s law was derived for a stationary gas 
medium, there is a void in understanding of the corresponding discharge voltage in a dynamic gas medium. Sickafoose 
et. al. has shown that dust particles can be triboelectrically charged [8]. Thus, the microscopic dust particles that exist 
in Earth’s atmosphere may be triboelectrically charged by aerospace vehicles in flight. The charged particles become 
a risk of causing an electrostatic discharge (ESD) between the particles on the vehicle surface and the particles in the 
atmosphere. An ESD on the vehicle surface can cause damage to aerospace vehicles and lead to in-flight complications 
[9,10]. Therefore, an accurate relationship for the discharge voltage in a dynamic gas medium is necessary for the 
success of aerospace vehicles. Hogue et. al. developed a modified version of Paschen’s law which accounts for the 
effects of gas flow between two electrically charged electrodes [11]. Experimental work was conducted at the 
University of Central Florida (UCF) Center for Advanced Turbomachinery & Energy Research (CATER) lab to 
validate the revision of Paschen’s law [12]. Though the preliminary data showed to be consistent with the revised 
Paschen law, the data was constricted to a small range of pressures, limiting its range of validation. Additionally, 
undesired shock reflections existed within the test section which led to untrustworthy pressure measurements. The 
scope of this work is to validate the revised Paschen law in ideal flow conditions over a wider pressure range. 
By defining a sound relationship between the discharge voltage, pressure, and electrode gap distance, scientists will 
be able to better predict atmospheric conditions that will result in an ESD. A valid relation describing the discharge 
voltage between particles in a dynamic gas medium can also lead to preventative product development. With the 
current boom in the commercial space economy, the demand for accessibility to space is rising. With this rise, the 
financial impact of scrubbed launches becomes more detrimental. This work will save companies an appreciable 
amount of resources by relaxing the launch commit criteria related to triboelectric charging from atmospheric debris.  
III. Experiment 
This study was conducted in the Propulsion & Energy Research Laboratory (PERL) at UCF using a custom designed 
supersonic test facility. Air is pushed through a constant area inlet channel into a converging-diverging (CD) nozzle. 
The CD nozzles were designed using a method of characteristics used in [13] to produce Mach 1.5 and Mach 2 flow. 
The nozzle exit area 𝐴𝐴𝑒𝑒 to throat area 𝐴𝐴∗ ratio was calculated using the isentropic flow relation [14] 
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where 𝑀𝑀𝑒𝑒 is the targeted Mach number. After expanding through the CD nozzle, the air then flows between two 
custom designed electrodes in the test section. A power supply is used to charge the electrodes until a discharge occurs 
between them. The results of this work demonstrate a revised Paschen law which accounts for the removal of electron-
ion pairs by gas flow between two charged particles. 
 
A. Theoretical Background 
 
 Paschen’s law defines the relationship between the discharge voltage of two electrodes in a gas medium as a 
function of the gas’s stagnation pressure and the distance between electrodes, namely [11] 
 
 
𝑉𝑉𝑠𝑠 = 𝑉𝑉𝑖𝑖𝐿𝐿 𝑃𝑃𝑎𝑎 (𝑃𝑃𝑃𝑃)ln(𝑃𝑃𝑃𝑃) − ln �𝐿𝐿𝑃𝑃𝑎𝑎 ln �1 + 1𝛾𝛾�� 
 
(2) 
3 
 
Given that Paschen’s law was derived for a stationary gas medium, the stagnation pressure term P simplifies to the 
static pressure of the gas. A strict requirement of the revision is that it must simplify to the original Paschen law when 
the gas medium is stagnant. Hogue et.al. derived a formulation that accounts for the effects of the compressible 
dynamic pressure of the flow yielding a revised Paschen law [11] 
 
 
𝑉𝑉𝑠𝑠 = 𝑉𝑉𝑖𝑖𝐿𝐿 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 (1 + 𝛾𝛾𝑎𝑎 − 12 𝑀𝑀2) 𝛾𝛾𝑎𝑎𝛾𝛾𝑎𝑎−1𝑃𝑃𝑃𝑃ln �(1 + 𝛾𝛾𝑎𝑎 − 12 𝑀𝑀2) 𝛾𝛾𝑎𝑎𝛾𝛾𝑎𝑎−1𝑃𝑃𝑃𝑃� − ln �𝐿𝐿𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 ln �1 + 1𝛾𝛾�� − 𝑀𝑀 
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 To achieve the targeted pressure range, isentropic flow and normal shock relations are utilized. Given that the 
proposed facility exhausts to atmospheric conditions, the flow needs to be ideally expanded in order to obtain 
atmospheric pressure with the test section. The required stagnation pressure is then defined by the isentropic flow 
relation [14], 
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(4) 
where 𝑃𝑃𝑎𝑎 is the ambient pressure within the test section. For the ideally expanded case, 𝑃𝑃𝑎𝑎 = 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 is the maximum 
pressure value desired. The normal shock relation [14] defines the minimum test section static pressure for each case 
by 
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(5) 
B. Facility Design 
 
 The designed test facility consists of an inlet, expansion, and test section as shown in Fig. 1. The facility is designed 
to allow the expansion and test section to be interchanged for each test case. Four CD nozzles are fabricated in order 
to properly expand the flow for each test condition. The CD nozzles were designed with an inlet height of 100 mm 
(3.937 in). The facility was designed to satisfy a contraction ratio of at least 2 between the inlet area and throat area 
of the CD nozzle to minimize pressure losses [16,17]. A summary of the CD nozzle critical dimensions is given in 
Table 1. To ensure proper expansion occurs within the CD nozzle, pressure transducers are mounted in both the inlet 
and test section of the facility. The nozzle contours for each test case are depicted in Fig. 2. 
 
Fig. 1 Overview of Experimental Facility 
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Table 1 CD Nozzle Critical Dimensions 
Test Case Inlet Height 
[mm] 
Mach Number Gap Distance  
[mm] 
Throat Diameter 
[mm] 
1 
100 
1.5 10 8.502 2 15 12.753 
3 2.0 10 5.926 4 15 8.889 
 
Custom designed electrodes are mounted to the top and bottom of the test section at the desired gap distance. The 
electrodes were designed such that a spark plug cap could be used to transmit the voltage from the power supply. To 
avoid shock waves within the test section, the head of the electrodes were designed with a highly elliptic contour 
which intrudes into the flow a depth of 0.007 in. The test section is fabricated out of Lexan polycarbonate to ensure 
that the high voltage is contained within the test section.  
 
 
Fig. 2 CD Nozzle Contours for each Test Case 
 
C. Experimental Procedure 
 
 Paschen’s law is to be validated at two Mach numbers and two electrode gap distances. The experimental facility 
runs off of an air reservoir consisting of 32 48-liter tanks. A Glassman 60kV Series EH power supply is used to charge 
the electrodes. To find the sparking voltage of a defined pressure, air is supplied to the test facility until steady state 
conditions have been reached. From there, the power supply is progressively ramped up from 0 to 50kV until a 
discharge occurs. The pressure transducers and power supply are programmed together into LabVIEW. Once sparking 
occurs between the electrodes, the power supply shuts off and the corresponding voltage and pressure values are 
recorded by an NI cDAQ-9174. A GoPro and Photron SA1.1 high speed camera are used to capture the discharge 
5 
 
between the electrodes as a means of verification. The procedure is repeated at different pressures within the targeted 
pressure range. A summary of the targeted test conditions is shown in Table 2. 
 
Table 2 Targeted Test Conditions 
Test Case Mach Number Gap Distance 
[mm] 
Min Static Pressure 
[Torr] 
Max Static Pressure 
[Torr] 
1 1.5 10 309.15 
760 2 15 3 2.0 10 168.89 4 15 
 
 
Results and Conclusions 
 
 Based on preliminary data, the modified Paschen law is consistent with experimental results. Figures 3.a and 3.b 
illustrate the range of values that the revised Paschen law is validated over. Experimentation is ongoing to obtain data 
points towards the lower limits of the pressure range. 
 
 
Fig. 3 Pressure Limits of Results at a) 1 cm electrode gap b) 1.5 cm electrode gap 
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